We prepared a nanoscale Ag-layer-inserted Ga-doped ZnO ͑GZO͒ multilayer on a flexible poly͑ether sulfone͒ ͑PES͒ substrate using a continuous roll-to-roll ͑RTR͒ sputtering system at room temperature for the fabrication of highly flexible and transparent conducting oxide electrodes. When the thickness of the Ag interlayer was optimized ͑12 nm͒, the resulting GZO/Ag/GZO ͑GAG͒ multilayer showed a resistivity of 5.58 ϫ 10 −5 ⍀ cm and a transparency of 87.2% without in situ or ex situ annealing processes. However, although it exhibited lower resistivity, the GAG multilayer showed decreased optical transparency above the critical Ag interlayer thickness of 12 nm due to severe light scattering caused by the Ag layer. The results of bending tests demonstrated that the GAG multilayer resistance ͑⌬R/R͒ varies depending on the bending radius of the sample during repeated bending cycles. The constant surface morphology and resistance of the GAG multilayer even after the performance of bending tests indicate that RTR sputter grown GAG multilayers are promising as flexible transparent conducting electrodes for use in cost-efficient flexible displays and photovoltaics. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3454125͔ All rights reserved. Transparent conducting oxide ͑TCO͒ electrodes with superior flexibility have recently attracted much attention as key components in flexible displays, photovoltaics, and thin film transistors.
Transparent conducting oxide ͑TCO͒ electrodes with superior flexibility have recently attracted much attention as key components in flexible displays, photovoltaics, and thin film transistors. [1] [2] [3] Unlike conventional TCO electrodes grown on glass substrates such as Sn-doped In 2 O 3 ͑ITO͒ and group III ͑B, Al, and Ga͒ doped ZnO, TCO electrodes prepared on flexible substrates exhibit superior flexibility in the context of mechanical bending. 4, 5 Amorphous ITO films grown on flexible poly͑ethylene terephthalate͒ ͑PET͒, polyethylene naphthalate, and poly͑ether sulfone͒ ͑PES͒ substrates at low substrate temperatures have been widely used as flexible TCO electrodes. [6] [7] [8] [9] [10] However, the high resistivities and brittle properties of amorphous ITO electrodes remain critical problems for the flexible TCO electrodes. In addition, the high cost of indium and its limited availability are regarded as drawbacks of conventional ITO electrodes that prevent them from functioning as cost-efficient flexible TCO electrodes. Furthermore, as most flexible substrates are easily degraded at temperatures above 200°C, it is difficult to prepare high quality flexible ITO electrodes with low resistivity and high transparency. Therefore, it is desirable to prepare flexible TCO electrodes as the lowest possible substrate temperatures for the fabrication of polymer substrate-based flexible displays and photovoltaics. Although some electrode materials such as carbon nanotube sheets, poly͑3,4-ethylenedioxythiophene͒:poly͑styrenesulfonate͒, and graphene have been suggested as promising alternatives to amorphous ITO electrodes, they still exhibit drawbacks that hinder their application as transparent electrodes in cost-efficient flexible displays and photovoltaics. [11] [12] [13] [14] Other potential candidates for amorphous ITO films are oxide-metal-oxide ͑OMO͒ multilayers due to their low sheet resistances and high transparencies caused by the antireflection effects of the inserted Ag layer. [15] [16] [17] [18] [19] The Ag layer with strain failures above 50% yields superior flexibility to the OMO structures. 20 In particular, ZnO-based flexible OMO electrodes have been investigated due to their low cost and abundant Zn element. 15, 18 Indium-free ZnO-based multilayer electrodes are attractive alternatives for the production of low cost, flexible optoelectronics. 21 Han et al. reported that flexible ZnO/Ag͑14 nm͒/ ZnO electrodes with resistivities of 8 ϫ 10 −5 ⍀ cm could be obtained by sputtering at room temperature due to the high conductivity of the inserted Ag layer. 22 Recently, Cho et al. also demonstrated that the insertion of nanoscale Ag interlayer between Al-doped ZnO ͑AZO͒ layers results in low resistance and high transparency in AZO/Ag/AZO electrodes that are prepared on PET substrates by batch-type sputtering. 23 Although some have reported the electrical and optical properties of flexible ZnO/Ag/ZnO or AZO/Ag/AZO electrodes, there have been no papers on the characteristics of flexible Ga-doped ZnO ͑GZO͒/Ag/GZO ͑GAG͒ multilayer electrodes prepared by continuous roll-to-roll ͑RTR͒ sputtering at room temperature.
In this work, we investigate the electrical, optical, structural, and mechanical properties of GAG multilayer electrodes grown by a continuous RTR sputtering at room temperature for the production of cost-efficient, flexible, and transparent optoelectronics. By optimizing Ag thickness, we were able to obtain high quality, transparent, and flexible GAG multilayer electrodes. In addition, we investigated the effects of bending curvatures on the mechanical properties of GAG multilayer electrodes by conducting bending tests.
Experimental
Flexible GAG multilayer electrodes were prepared on PES substrates using a specially designed RTR sputtering system at room temperature. 10, 19 The RTR sputtering system consists of a rewind roller, unwind roller, cooling drum, tension controller ͑load cell͒, three cathode guns, two main diffusion pumps, and a cold cathodetype ion gun system used for PES surface treatment. A 200 mm wide and 200 m thick PES substrate was passed repeatedly over the cooling drum by the unwind and rewind rollers, resulting in the continuous deposition of flexible GAG electrodes, as shown in Fig.  1 . Unlike previously reported OMO electrodes, which were prepared by batch-type sputtering, we were able to continuously deposit all layers on the PES substrates due to the concurrent actions of the unwind and rewind rollers. 16, 17 The rolling speed of the PES substrate can be kept constant by adjusting the speed of the motor used to drive the unwind and rewind rollers, which is precisely controlled by a load cell that is installed below the unwind roller. Before the sputtering of the bottom electrode, the surface of the PES substrate must be pretreated by an ion gun ͑ion beam treatment͒, as shown in Fig. 1 . Any protrusions or carbon-related contaminants on the PES substrates were effectively removed by direct irradiation with oxygen and argon ions. After surface pretreatment, a 30 nm thick bottom GZO layer was sputtered on the PES substrate using a rectangular GZO target ͑3 wt % GZO͒ that was placed below the rotating cooling drum at a distance of 100 mm. The sputtering conditions of the bottom GZO layer were as follows: a constant Ar/O 2 flow ratio of 30/1 sccm, a dc power of 800 W, a rolling speed of 0.3 cm/s, and a working pressure of 3 mTorr. Then, the Ag layer was sputtered on z E-mail: imdlhkkim@khu.ac.kr the bottom GZO layer as a function of thickness at a constant Ar/O 2 flow ratio of 30/1 sccm, rolling speed of 0.3 cm/s, and working pressure of 3 mTorr. Subsequently, a 30 nm thick top GZO layer was sputtered onto the Ag layers under deposition conditions identical to those used to sputter the bottom GZO layer. Unlike conventional fabrication of the OMO electrodes, we fabricated flexible GAG multilayer electrodes through a continuous RTR sputtering system, as shown in Fig. 1 . The thicknesses of the flexible GAG multilayer electrodes were measured using a surface profiler ͑Tencor, AlphaStep 250͒. The electrical properties of the flexible GAG electrode were analyzed via Hall effect measurements ͑HL5500PC, Accent Optical Technology͒ as a function of Ag thickness. Optical transmittances of the GAG multilayer electrodes and single Ag layers were also measured in the wavelength range of 300-1500 nm as a function of the Ag thickness using a UV/visible spectrometer ͑Lambda 35͒. The structural properties of the flexible GAG multilayer electrode were investigated by X-ray diffraction ͑XRD͒, and the microstructures and interface structures of the optimized GAG electrodes were examined by high resolution electron microscopy ͑HREM͒ in detail. A cross-sectional specimen of the optimized GAG multilayer electrode was prepared using standard procedures and finished by Ar + ion thinning with the specimens cooled to ϳ77 K. The top surface morphologies of the GAG electrodes were studied via scanning electron microscopy ͑SEM, SV 32͒ at an operating voltage of 15 keV. The flexibilities of the GAG multilayer electrodes were analyzed using a commercial bending test system ͑ZB100, Z-Tech͒. The samples were clamped between tow tilted Cu plates to avoid the formation of cracks in the clamped region, as shown in the inset of Fig. 7a . One Cu plate was connected to a motor to produce a repeated bending motion, while the other Cu plate was fixed to a rigid support. During repeated bending tests, the resistances of the flexible GAG multilayer electrodes were measured as a function of bending cycles and radius using a multimeter. Figure 2a shows the sheet resistances and resistivity values for flexible GAG multilayer electrodes grown on PES substrates as a function of Ag thickness, while the thickness of the GZO layer was held constant ͑30 nm͒. The Ag thickness was controlled by dc power of the Ag cathode. In general, the thickness of the metal layer in the OMO structures exhibits more critical effects on the electrical properties of OMO multilayer electrodes than the thicknesses of the top and bottom layers. Sahu et al. reported that the thicknesses of oxide layers are only of minor importance for determining the resistivities of OMO electrodes. 24 Therefore, the thickness of the Ag layer inserted between GZO layers was a key parameter in the optimization of the electrical and optical properties of GAG multilayer electrodes. To compare the electrical and optical properties of the GAG multilayer with a single GZO electrode, the single GZO electrode ͑60 nm͒ was prepared on the PES substrate as a reference sample. When a single GZO layer is grown on PES substrates without the insertion of a Ag layer, it exhibits a high sheet resistance of 2538 ⍀/ᮀ due to the ineffective activation of Ga at room temperature. GZO electrodes only exhibit low sheet resistances and resistivities when sputtered at high substrate temperatures or subjected to postannealing. 25 Therefore, the fabrication of GZO electrodes grown on flexible substrates at room temperature is difficult without postannealing. However, the insertion of a nanoscale Ag layer between GZO layers leads to significant reductions in sheet resistance and resistivity, as shown in Fig. 2a . Without postannealing or substrate heating, we successfully produced a low resistance GZO-based flexible electrode. In addition, increasing the Ag thickness from 8 to 18 nm resulted in gradual decreases in sheet resistance and resistivity due to the effects of the metallic Ag layer, which exhibited a low resistivity of 1.587 ϫ 10 −6 ⍀ cm. 26 The flexible GAG multilayer electrode exhibited the lowest sheet resistance of 2.5 ⍀/ᮀ and a resistivity of 2.54 ϫ 10 −5 ⍀ cm when the Ag layer was 18 nm thick. The low resistivity exhibited by the flexible GZO ͑30 nm͒/Ag ͑18 nm͒/GZO ͑30 nm͒ sample is similar to that of a previously reported GZO͑40 nm͒/Ag͑16 nm͒/GZO͑40 nm͒ electrode grown on a glass substrate ͑4.02 ⍀/ᮀ, 3.78 ϫ 10 −5 ⍀ cm͒, probably because both multilayer electrodes were fabricated at room temperature. 18 Even though the sheet resistances and resistivities of the flexible GAG multilayer electrodes fabricated in the present study decreased in proportion to the thickness of the Ag layer, the Ag thickness cannot increase beyond a certain value because the optical transmittance properties of flexible GAG multilayer electrodes are also affected by the thickness of the Ag layer, as shown in Figure 1 . ͑Color online͒ Schematics of the continuous RTR sputtering process for the deposition of the bottom GZO, Ag, and top GZO layer on the PES substrate at room temperature. Fig. 3a . Therefore, the optimization of Ag thickness in flexible GAG electrodes is critical for the successful production of high quality transparent flexible electrodes. Figure 2b shows the mobility and carrier concentrations of flexible GAG multilayer electrodes as a function of Ag thickness. The carrier concentrations of flexible GAG multilayer electrodes were constant regardless of Ag thickness. This indicates that the decrease in resistivity of flexible GAG multilayer electrodes with increased Ag thickness was independent of carrier concentration. However, the carrier mobility of flexible GAG multilayer electrodes increases with increasing Ag thickness. Therefore, the decreased resistivity exhibited by flexible GAG multilayer electrodes with increasing Ag thickness may be attributed to the increases in carrier mobility. The relationship between carrier mobility and Ag thickness is explained by the morphological changes in the Ag layer that are related to increases in thickness. The carrier mobility of the flexible GAG multilayer electrode with a thin Ag layer is very low because the Ag layer behaves as unconnected and randomly distributed islands that inhibit carrier transport through the Ag layer. However, when the Ag layers are more than 14 nm thick, flexible GAG electrodes exhibit high carrier mobility because the Ag layer is fully connected. Therefore, we conclude that decreases in resistivity in flexible GAG multilayer electrodes that occur when Ag thickness is increased result primarily from the increase in carrier mobility in the Ag layer. Figure 3 exhibits the optical transmittance of flexible GAG and single Ag layer as a function of Ag thickness with the pictures comparing their optical transparencies. The optical transmittance of a flexible GAG multilayer electrode is critically affected by the thickness of the inserted Ag layer. In the 8 nm thick Ag layer, a fairly low optical transparency in the visible region 400-800 nm was observed. However, the insertion of a 10-12 nm thick Ag layer led to a remarkable increase in the optical transmittance in the same region. Further increases in Ag thickness result in decreases in optical transmittance of flexible GAG multilayer electrodes, especially in the IR wavelength region due to the light scattering caused by the Ag layer. The increased optical transmittance observed in the flexible GAG multilayer electrode at special Ag thicknesses may be explained by the antireflection effects, as suggested by Fan et al. 27 When a Ag mirror layer is embedded between dielectric oxide layers, the resulting oxide-Ag-oxide multilayer can suppress reflections from the Ag layer and obtain high optical transmittance in the visible wavelength region. 27 In our previous studies, the optical transmittance of OMO electrodes is critically dependent on Ag thickness. [15] [16] [17] [18] [19] As a comparison, we prepared a single Ag layer on the PES substrate that was the same thickness as the Ag layer that was inserted between GZO layers. Figure 3b shows the optical transmittance of a single Ag layer prepared by RTR sputtering without bottom and top GZO layers. The single Ag layer of identical thickness to the Ag layer inserted in the GAG multilayer electrode exhibits a much lower optical transmittance than the GAG electrode themselves due to the absence of the antireflection effect. Further, unlike the GAG multilayer electrode, the single Ag layer showed linearly decreasing optical transmittance with increasing Ag thickness. The picture in Fig. 3 compares the optical transmittance of the single Ag ͑12 nm͒ and flexible GZO/Ag ͑12 nm͒/GZO electrode grown on the PES substrate. As expected from the transmittance results, the GAG multilayer electrode shows a higher transmittance than the single Ag layer at the identical Ag thickness due to the effective antireflection effect in the GAG multilayer structure. Figure 4 demonstrates the dependence of the optical bandgap ͑E g ͒ of a flexible GAG multilayer electrode on Ag thickness. Figure  4a is an absorption coefficient ͑␣ 2 ͒ vs photon energy plot as a function of the Ag thickness for flexible GAG multilayer electrodes. The optical bandgap energies of GAG multilayer electrodes were estimated by the following relationship
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where ␣ is the absorption coefficient, h is the photon energy, A is a constant, E g is the optical bandgap, and n = 1/2 for direct transition. Figure 4b shows the extrapolated E g values for flexible GAG multilayer electrodes of various Ag thicknesses. With increasing Ag thickness, the optical E g of flexible GAG multilayer electrodes decreases linearly due to the high electron concentrations in the conduction band as well as the ionized Ag atoms in the Ag layer, as observed in ZnO/Ag/ZnO and ITO/Ag/ITO electrodes. 22, 28 A narrowing of the bandgap is observed in heavily doped, degenerate oxide semiconductors when the carrier concentrations exceed the Mott critical density due to the many-body effects, such as electronelectron scattering and electron-impurity scattering. 29 Therefore, as discussed by Han et al., the narrowing of the bandgap in flexible GAG multilayer electrodes that occurs when Ag thickness increases may be attributed to many-body effects at the interface between the Ag and GZO layers. 22 To determine the optimum thickness for the Ag layer in flexible GAG multilayer electrodes, we employed the figure of merit value ͑ TC = T 10 /R sh ͒ as suggested by Haacke. 30 The TC was calculated using the transmittance ͑T͒ nm and sheet resistance ͑R sh ͒ of flexible GAG multilayer electrodes. 
Wavelength [nm]
layers ͑8 and 10 nm͒, the TC value was low due to the high sheet resistance and low transmittance at the 550 nm wavelength caused by random and unconnected Ag islands. Despite the high transmittance of the GZO/Ag ͑12 nm͒/GZO electrode, the GZO/Ag ͑14 nm͒/ GZO electrode showed the highest TC value due to its lower sheet resistance. Further increases in the Ag thickness resulted in decreased TC values because the optical transmittance of flexible GAG electrodes decreased dramatically when the Ag layer was more than 16 nm. The highest TC value ͑42.22 ϫ 10 −3 ⍀ −1 ͒ that was obtained from the flexible GZO/Ag ͑14 nm͒/GZO electrode is similar to values for the previously reported GAG electrode ͑41.4 ϫ 10 −3 ⍀ −1 ͒ grown on a glass substrate with a 12 nm thick Ag layer. Even though flexible GAG multilayer electrodes were prepared by continuous RTR sputtering on a moving PES substrate, the electrical and optical properties of the flexible GAG electrode were similar to those of a GAG electrode grown on a fixed glass substrate by dc sputtering. Figure 5b also shows the TC value calculated from the average transmittance at 400-600 nm wavelengths with increasing Ag thickness. Due to the decreased average transmittance, all TC values in Fig. 5b are lower than those shown in Fig.  5a . However, the dependence of the TC values on Ag thickness calculated from the average transmittance is very similar to those calculated from the transmittance at 550 nm wavelength. Figure 6a shows XRD plots of flexible GAG multilayer electrodes as a function of the thickness of the inserted Ag layer. All of the XRD plots exhibit broad halo patterns between 15 and 25°cor-responding to the PES substrate. In addition, a broad GZO͑002͒ peak at ϳ34.06°was observed in all XRD plots of flexible GAG/ PES samples regardless of Ag thickness. A broad GZO͑002͒ peak indicates that the top and bottom GZO layers are crystalline even though the cooling drum temperature in the RTR sputtering system was maintained below 50°C. Additionally, the intensity of the Ag͑111͒ peak increased as the thickness of the Ag layer increased. When the Ag layer was less than 10 nm thick, the peak of Ag͑111͒ was weak and broad due to the unconnected small Ag islands. However, the flexible GAG multilayer electrodes show increased Ag͑111͒ peak intensity when the Ag layer is more than 12 nm, indicating that the Ag film exists as a connected film. This structural property of flexible GAG multilayer electrodes is very similar to the structure properties of GAG and AZO/Ag/AZO electrodes grown on glass substrates at room temperature.
18 Figure 6b shows the crosssectional transmission electron microscope ͑TEM͒ image of an optimized GZO/Ag ͑12 nm͒/GZO electrode as well as an HREM image depicting the interface between the Ag and GZO layer. The cross-sectional images clearly demonstrate well-defined bottom GZO, Ag, and top GZO layers without interface layers. These sharp interfaces indicate that there is no interface reaction or formation of an interfacial oxide layer between the GZO and Ag layers due to the use of a continuous and low temperature RTR sputtering process without breaking the vacuum. The symmetric structures of the bottom and top GZO layers indicate that the thickness of the GZO was precisely calibrated by controlling the rolling speed in the RTR sputtering system. The top GZO layer shown in the HREM images exhibits a columnar structure with ͑002͒ preferred orientation, as expected from the XRD results shown in Fig. 6a even though it was prepared at room temperature. 31 Figure 7 demonstrates the resistance in a flexible GZO/Ag ͑12 nm͒/GZO electrode measured at a special bending cycle region ͑Fig. 7a shows the initial bending test and Fig. 7b is after 1000 cycles͒  during a bending test with a different bending radius. Unlike the   2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3 conventional bending test system, our system ͑ZB 100͒ employed a tilted clamp, as shown in the inset of Fig. 7a to avoid formation of cracks in the clamped region. The changes in the resistance of a flexible GAG multilayer electrode were expressed as ͑R − R 0 ͒/R 0 , where R 0 is the initial resistance and R is the value after substrate bending. All flexible GAG multilayer electrodes exhibited a constant resistance throughout the 10,000 bending cycles ͑not shown here͒ regardless of the Ag thickness. As for recently reported flexible AZO/Ag/AZO electrodes, 23 the flexible GAG multilayer electrodes exhibited superior flexibility than the conventional single ITO/PES substrate due to the strong adhesion between the GZO film and the PES substrate due to the effect of ion beam treatment. The robustness of the GAG multilayer electrodes is attributed to the existence of a ductile Ag metal layer between the GZO layers. Lewis et al. reported that the presence of a Ag layer between the ITO layers provides effective electrical conductivity, even after the ITO is stressed beyond its failure strain ͑ϳ0.8%͒ due to the higher failure strain of the bulklike Ag film ͑4-50%͒. 20 In addition, the bridge effect of a ductile Ag metal layer between GZO layers improves the flexibility of GAG multilayer electrodes. As discussed by Wang et al., the existence of a highly ductile metal layer in the composite film may bridge cracks formed below the ductile metal layer, thereby maintaining electrical integrity. 32 However, the resistances of flexible GAG multilayer electrodes varied when the electrodes were bent and then brought back to its initial position, as shown in the inset of Fig. 7a . This modulation in resistance is repeated during bending cycles, as shown in Fig. 7a and b . In addition, resistance modulation in the flexible GZO/Ag͑12 nm͒/GZO electrode critically depends on the bending radius. A flexible GAG multilayer electrode with a lower bending radius shows a higher modulation in resistance when it bends and comes back to its initial position. Furthermore, the resistance modulation increases with increasing bending cycles, as shown in Fig. 7b . Compared to resistance modulation in the initial bending cycle region ͑Fig. 7a͒, the resistance modulation in the 1000 cycle region in Fig. 7b is higher. However, the resistance value remains identical to the initial resistance even after 10,000 bending cycles in spite of resistance modulation. At this moment, an exact mechanism to explain the reason of increased resistance modulation of flexible GAG electrodes with increasing bending cycling is not clear. However, the formation and propagation of microcracks between preferred GZO͑002͒ columnar or small grains, when GAG electrodes were bent, might be a primary cause for increasing resistance modulation. However, the surface of the top GZO layer is maintained after 10,000 bending cycles in spite of resistance modulation. Figure 8 shows surface SEM images of the top GZO layer obtained from a GZO/Ag ͑12 nm͒/GZO electrode before and after bending with different bending radii. Regardless of the bending radius, the surfaces of the top GZO layers in flexible GAG multilayer electrodes remained smooth and crack-free, identical to the initial surface state shown in Fig. 8 . This is attributed to the existence of a ductile Ag layer bridging the brittle GZO layers. The superior flexibility of GAG electrodes with low resistivity and high transmittance indicates that GAG multilayer electrodes grown by continuous RTR sputtering are promising candidates as flexible electrodes for use in flexible optoelectronic applications.
Conclusion
In summary, we investigated the characteristics of continuously deposited GAG multilayer electrodes grown by RTR sputtering at room temperature to produce high quality flexible TCO electrodes. The insertion of an optimized Ag layer sandwiched between the two GZO layers yielded low sheet resistance, high transmittance, and superior flexibility. By inserting a Ag layer between GZO layers, we obtain a flexible GAG multilayer electrode with a low resistivity of 6.4 ⍀ cm without substrate heating or postannealing due to the low resistivity of the metallic Ag layer. In addition, the antireflection effects imparted by an inserted Ag layer increased the optical transmittance of the flexible GAG electrodes. Furthermore, the high failure strain of the Ag layer improved the robustness to the GAG multilayer electrode. These results indicated that RTR sputter grown flexible GAG electrodes are promising candidates to replace conventional amorphous ITO electrodes. Figure 8 . Surface SEM images obtained from top GZO layer in the ͑a͒ as-deposited flexible GAG electrode and after 10,000 bending cycles with a bending radius of ͑b͒ 5, ͑c͒ 7, and ͑d͒ 9 mm.
